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FOREWORD 
Rocketdyne, a Division of North American Roekwell 
Corporation, has prepared t h i s  r epor t  under National 
Aeronautics and Space Administration Contract 
NAS8-11325, G.O.  08624. This r epor t  covers t h e  
period from 1 September 1968,through 31 October 1969. 
Previous work from June 1964 through 1 September 1968 
is covered by in ter im repor ts ;  R-6499 dated 18 Apri l  
1966, R-6811 dated November 1966, and R-6811-1 dated 
25 September 1968. 
AB STRACT 
The e f f e c t  on s e a l  leakage of su r face  f i n i s h ,  f a c e  
load, leakage pressure,  temperature, and sealed 
f l u i d  were inves t iga ted .  The f l u i d s  were gaseous 
helium, l iqu id  hydrogen, and water. Results  of a 
t e s t  program conducted fo r  t h e  inves t iga t ion  a r e  
presented, and a l i t e r a t u r e  survey i s  included. 
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IrnODUCT ION 
The cur ren t  method employed t o  determine the turbopump s h a f t  s e a l  leakage 
during s t a t i c  condi t ions  i n - f l i g h t  i s  t o  flow gaseous helium (GHe) during 
s t a t i c  ground t e s t i n g  and p red ic t  from the  r e s u l t s  what the  s t a t i c  f l i g h t  
leakage w i l l  be. Recent experience with production turbopumps f o r  pump- 
ing l i q u i d  hydrogon @HZ) has indicated the  lack of s u f f i c i e n t  knowledge 
t o  ext rapola te  from the  leakage da ta  f o r  GHe t o  t h a t  of LH2. The r e l a t i o n -  
sh ips  t h a t  e x i s t  between t h e  parameters t h a t  govern s t a t i c  s e a l  leakage 
a r e  not completely understood, nor a r e  a l l  t h e  flow governing parameters 
known. 
A program was i n i t i a t e d  t o  inves t iga te  t h e  problem of flow c o r r e l a t i o n  
and flow p r e d i c t a b i l i t y .  The objec t ives  of t h e  program were: (1) t o  
e s t a b l i s h  t h e  r e l a t ionsh ips  between GHe and LH2 s t a t i c  leakage, (2 )  t o  
evaluate methods of  improving the  technique o f  predic t ing  sea l  leakage, 
and (3) t o  determine the  causes of  face  s e a l  s t a t i c  leakage. 
The program was divided i n t o  four  tasks .  These a r e :  
TASK I 
Conduct a comprehensive l i t e r a t u r e  survey of s t a t i c  leakage inves t iga t ions  
t h a t  have been conducted with cryogens and dynamic s h a f t  s e a l s .  
TASK 11 
Analyze the  f e a s i b i l i t y  of various t e s t i n g  methods t o  improve the  tech- 
nique of  evaluat ing the  causes of and predic t ing  s e a l  leakage p r i o r  t o  
t h e  s t a r t  o f  ac tua l  t e s t i n g .  The use of  a t ransparent  sea l ing  surface  
w i l l  be considered f o r  viewing the  leakage during t e s t i n g .  
TASK I11 
Evaluate the  e f f e c t  of pressure ,  face  loading, surface  f i n i s h ,  surface  
f l a t n e s s ,  and o the r  f a c t o r s  cont r ibut ing  t o  leakage. The s e a l  model s h a l l  
be r i g i d  enough t o  e l iminate  t h e  d i s t o r t i o n s  suspected i n  ac tua l  s e a l s .  
TASK I V  
Test  and observe a c t u a l  s e a l s  o f  5-2 and s i m i l a r  des igns  t o  determine 
leakage c o r r e l a t i o n  and t h e  e f f e c t s  o f  p re s su re ,  temperature,  and design 
conf igura t ion  wi th  methods of  v i s u a l l y  observing leakage dur ing  t e s t i n g  
being considered. 
PROGRAM DISCUSSION 
The l i t e r a t u r e  survey was i n i t i a t e d  a t  t h e  s t a r t  o f  t h e  program and con- 
t inued  through most o f  t h e  o t h e r  a c t i v i t i e s .  The r e s u l t  o f  t h e  survey 
i s  included i n  Appendix C.  The f e a s i b i l i t y  of  var ious  methods o f  t e s t i n g  
was eva lua ted ,  based on a  s u b s t a n t i a l  po r t ion  o f  t h e  ma te r i a l  from t h e  
l i t e r a t u r e  survey. This  eva lua t ion  ind ica t ed  t h e  d i f f i c u l t y  encountered 
i n  t h e  determinat ion of  t h e  flow pa th  geometry. The method chosen was t o  
s epa ra t e  t h e  leakage parameters during t e s t i n g ,  s tudy each i n d i v i d u a l l y ,  
and determine t h e  geometry parameter by flow theory .  This  was accomplished 
by f lowing va r ious  f l u i d s  through t h e  t e s t  s e a l s  and so lv ing  t h e  flow 
theory  equat ion f o r  t h e  geometry terms us ing  t h e  t e s t  d a t a  f o r  t h e  va r ious  
f l u i d s .  This  accomplishes two th ings :  it al lows t h e  sepa ra t ion  of  t h e  
leakage parameter t h a t  desc r ibes  t h e  c h a r a c t e r i s t i c  geometry, and g ives  
a  r e f e rence  f o r  c o r r e l a t i o n .  When f l u i d s  with d i f f e r e n t  phys ica l  proper- 
t i e s  a r e  used and parameters such a s  p re s su re ,  load ,  temperature,  and s u r -  
f a c e  f i n i s h  a r e  held cons t an t ,  t h e  parameter desc r ib ing  geometry must a l s o  
be cons tan t  i f  t h e  c o r r e c t  flow theory  is  used. 
Ambient temperature GHe and LH2 were used because ohe of  t h e  program ob- 
j e c t i v e s  was t o  c o r r e l a t e  t h e  flow from one f l u i d  t o  t h e  o the r .  Gaseous 
helium a t  -400 F was used t o  determine t h e  temperature inf luence  between 
it and t h e  ambient GHe. Water was used t o  g ive  a  r e f e rence  f o r  t h e  LH 2 
d a t a  because it was thought t h e  LH2 would change t o  a  two-phase f l u i d  when 
pas s ing  through t h e  s e a l ,  and t h e  H20 would remain a  l i q u i d  and t h e r e f o r e  
could be used t o  c o r r e l a t e  with t h e  LH2. 
SEAL TESTER DESIGN 
The t e s t e r  design chosen f o r  the  program i s  shown i n  Fig. 1. The fea tu res  
of  the  t e s t e r  include a quartz o p t i c a l  f l a t  mating r i n g ,  which was used 
t o  ind ica te  pa ra l l e l i sm during buildup and f o r  viewing the  leakage flow 
during t e s t i n g .  An a l t e r n a t e  s t e e l  mating r i n g  was a l s o  avai lable .  The 
model carbon s e a l  support was constructed of Invar i n  an e f f o r t  t o  reduce 
the  amount of  thermal d i s t o r t i o n  of t h e  carbon s e a l s  t o  a minimum. Also, 
t h e  model s e a l s  a r e  fastened t o  t h e  Invar s u f f i c i e n t l y  f a r  removed from 
t h e  s e a l i n g  nose t o  f u r t h e r  reduce the  amount o f  thermal d i s t o r t i o n .  The 
deformation caused by t h e  f a s t ene r s  would decrease with d is tance .  There- 
fo re , the  g r e a t e r  t h e  d i s t ance  between the  f a s t e n e r  and sea l ing  surface ,  
the  smaller  the  d i s t o r t i o n .  A comparison between t h e  model and 5-2 s e a l s  
is  shown i n  Fig. 2 .  
The body assembly conta ins  an inner  and ou te r  cavi ty .  The cav i ty  is  i n -  
corporated t o  allow flowing GHe a t  the  LH2 temperature. This is accom- 
pl i shed by flowing LH2 i n  t h e  ou te r  cav i ty  and i n  t h e  cav i ty  above t h e  
mating r ing ,  and flowing GHe i n  the  tube i n  t h e  ou te r  cav i ty ,  which a c t s  
a s  a heat  exchanger and c h i l l s  t h e  GHe before it flows i n t o  t h e  inner  
cav i ty  . 
The s e a l  load is  var ied  by t h e  pneumatic cyl inder  located below the  load 
c e l l .  The locat ion  of the  bellows allowed se l f -a l ign ing  of  the  s e a l .  
However, because t h e  bellows MED (mean e f fec ted  diameter) was a f fec ted  
by the  varying pressure  and the  d i f ferences  i n  the  diameters of  the  s e a l  
and bellows, a c a l i b r a t i o n  was therefore  required p r i o r  t o  t e s t i n g  t o  
e s t a b l i s h  the  t o t a l  load on the  sea l .  
The pneumatic cy l inder  was of  commercial design with a 1.125-inch bore,  
The load c e l l  was 0- t o  100-pound Baldwin. 
LEAKAGE FLOW 
Figure 1 .  Face Seal S t a t i c  Leakage Tester 
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Figure 2 .  Seal Configurations 
TEST PROCEDURE AND APPARATUS 
The s t a t i c  s e a l  t e s t e r  i s  shown i n s t a l l e d  i n  t h e  f a c i l i t y  i n  Fig. 3 .  
Also shown is  some of t h e  f a c i l i t y  plumbing and instrumentation. The 
sequence i n  which the  t e s t  f l u i d s  w t r r e  used was 70 F GHe, -400 F GHe, 
LH2, then H20. With each of  these  f l u i d s  t h e  leakage pressure was s e t ,  
and t h e  s e a l  nose load stepped t o  g ive  a s e a l  apparent s t r e s s  of  20, 40, 
60, 80, and 100 p s i .  The leakage pressure was increased t o  the  next  
higher value and t h e  load was increased i n  s t e p s  again. The leakage pres- 
sures  were 13, 26, 39, 52, and 65 ps ig .  
INSTRUMENTATION 
The f l u i d  s t a t e  both up- and downstream of the  t e s t  s e a l  was determined, 
i n  p a r t ,  with Rosemount P t  temperature bulbs. The remaining parameter, 
pressure ,  was measured with Taber t ransducers.  Seal  leakage flow was 
measured by H 0 displacement from a beaker with a capaci ty  of  4800 cc. 2 
The s e a l  f ace  load was measured with a 0- t o  100-pound Baldwin load c e l l .  
LEAKAGE FLOW ANALYSIS 
Fluid flowing through the  sea l ing  face  of  a s e a l  i s  described by various 
theor ie s .  The flow regime t h a t  e x i s t s  i s  determined by e i t h e r  Mach number, 
Reynolds number, o r  molecular mean f r e e  path length. The lower l i m i t  o f  
flow is i n  t h e  molecular regime. The c r i t e r i o n  used t o  i n d i c a t e  the  e x i s t -  
ence of  t h i s  regime i s  t o  compare the  leakage clearance t o  the  molecular 
mean f r e e  path length. The mean f r e e  path can be obtained from t e x t s  such 
a s  Ref. 1. When the  mean f r e e  path length is equal t o  o r  g rea te r  than t h e  
clearance,  t h e  flow i s  molecular. A s  the  leakage gap i s  increased,  r e l a -  
t i v e  t o  the  mean f r e e  pa th ,  t h e  flow en te r s  t h e  t r a n s i e n t  region.  This 
region i s  a combination of molecular and laminar. The regime e x i s t s  u n t i l  
t h e  clearance i s  about two orders  o f  magnitude g rea te r  than t h e  mean f r e e  
path. Molecular flow i s  brought about when c o l l i s i o n s  between the  mole- 
cules  and t h e  channelwalls  a r e  anappreciable  percentage of  the  t o t a l  
molecular c o l l i s i o n s .  A more de ta i l ed  explanation can be found i n  Ref. 2. 
1ZC65-6/27/69-SIC 
Figure 3 .  S t a t i c  Seal Tester  Test Setup 
Increasing the  leakage clearance t o  t h e  point  where molecular c o l l i s i o n s  
with t h e  wall a r e  no longer a s i z a b l e  percentage of  t h e  t o t a l  number w i l l  
cause the  flow t o  be laminar. The upper boundary of Laminar flow i s  de- 
f ined by a given value o f  Reynolds number, which i n  t h i s  case i s  about 
500. By increasing t h e  Reynolds number above t h i s  point  s u f f i c i e n t l y  the  
beginning of the  tu rbu len t  flow range w i l l  be encountered. The flow 
regimes above t h i s  w i l l  not  be considered here.  The various flow regimes 
can be thought of a s  being brought about, o the r  th ings  being equal ,  by 
changing the  leakage clearances.  Flow regimes above turbulent  would r e -  
q u i r e  clearances much l a rge r  than encountered i n  f ace  s e a l s .  Average 
clearances on t h e  order  o f  lo-' t o  inches were expected, and were 
confirmed by t e s t  r e s u l t s .  The s e a l  clearance i s  caused by surface  asper i -  
t i e s .  Waviness o f  r e l a t i v e l y  long wave length a s  compared t o  t h e  a spe r i -  
t i e s  could a l s o  be a f a c t o r .  Surface f i n i s h  measurements r a r e l y  ind ica te  
waviness, The flow regimes a r e  shown diagramatical ly i n  Fig. 4 .  
The ReynoEds number based on the  average flow area  f o r  the  various s e a l s  
and the  f l u i d  p roper t i e s  f o r  t h e  various f l u i d s  can be used t o  loca te  
t h e  r e l a t i v e  pos i t ion  of  t h e  flow regimes f o r  t h e  various t e s t  f l u i d s .  
During t h i s  program, flow measurements were made f o r  a range of  pres-  
sures  a t  each of  four f l u i d  conditions. On t h e  bas i s  o f  these  measure- 




70 F GHe 3 
LH2 3 4 
7 4 
-400 F GHe 104 
These Reynolds numbers a r e  s u f f i c i e n t l y  low t h a t  t h e i r  usual  meaning may 
not  hold. A second method of locat ing  the  flow regimes f o r  the  various 
f l u i d s  i s  t o  c a l c u l a t e  the  mean f r e e  path and compare t h i s  t o  t h e  llchannel" 
dimension. 
LAMINAR FLOW 
TRANS l T l ON FLOW 
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F i g u r e  4 .  Flow Regimes 
1 Mean f r e e  pa th  = L = ---- 
n no2 
where 
2 mc g = -  
3 w  
and c  = 
k is  equal t o  t h e  un ive r sa l  gas cons tan t  d iv ided  by Avogadro's number. 
T i s  t h e  temperature and m i s  t h e  molecular mass. 
A t  s tandard  condi t ions  and GHe: 
n = 3 x 1019 atoms/cm 3 
k = 1.37 x 10- l6  ergs/atom K 
p  = 1.92 x gm/cm s e c  
- 24 f o r  GHe m = 4 x 1.66 x 10 gm 
a t  -400 F and GHe 
p = 4.14 x lo-'  gm/cm s e c  
a t  -423 F and LH2 
n = 142 x 1017 atoms/cm 3 
-24 
m = 3 . 3 2 x l O  gmc 
p = 1 .23  x gm/cm s e c  
With t h e  above cond i t i ons , the  mean f r e e  pa ths  f o r  t h e  r e s p e c t i v e  f l u i d s  a r e :  
Rluid MFP 
70 F GHe 0.8 x l o w 5  i n .  lo-' i n .  
-400 GHe 1 .6  x i n .  lo-'  i n .  
LH2 0.6 x i n .  lo- '  i n .  
These results are in conflict with the relative positions based on Reynolds 
number. However, because the Reynolds numbers are low and almost equal in 
magnitude, the criterion of mean free path is more descriptive in the flow 
range under consideration. 
The flow theories used to describe the flow in the regimes of interest 
are developed in Appendix A. 
TEST RESULTS AND DISCUSSION 
Test ing was conducted while flowing ambient temperature GHe, -400 F GHe, 
LH2, and H20. These, f l u i d s  were flowed through s t a t i c  carbon face  s e a l s  
a t  various pressures and various values of s e a l  nose apparent s t r e s s  
( face  loads) . 
The t e s t  r e s u l t s  a r e  presented as h/L vs  load a t  constant pressures .  This 
parameter i s  a function of  s e a l  geometry only and i s  not  dependent on the  
t e s t  f l u i d .  For t h i s  reason t h i s  parameter should c o r r e l a t e  the  da ta  with 
t h e  various f l u i d s  i f  a theory can be obtained t h a t  describes the  flow 
while flowing each o f  t h e  f l u i d s .  P l o t t i n g  vs  load w i l l  a l s o  ind ica te  the  
dependence of the  leakage parameter on ioad. 
Figure 5 presents  the  da ta  f o r  t h e  model s e a l  with the  8 p inch rms sur -  
f ace  f i n i s h ,  and Fig. 6 presents  the  da ta  f o r  the  100 p inch. Previous 
ca lcu la t ions  indica ted  t h e  ambient and -400 F GHe leakage would be i n  the  
t r a n s i t i o n  flow regime. The mean f r e e  path ca lcu la t ion  ind ica tes  t h e  
ambient GHe flow would be toward t h e  molecular end of the  t r a n s i t i o n  
regime, and t h e  -400 F GHe would be toward t h e  laminar. The same type of 
ca lcu la t ion  indicated the  LH2 leakage would be e i t h e r  laminar o r  i n  t h e  
t r a n s i t i o n  regime. However, t h i s  was based on flowing GH2 ins tead  of LH2. 
The reason f o r  t h i s  w i l l  be discussed l a t e r .  A ca lcu la t ion  f o r  H20 was 
not  performed, because i n  a l i q u i d  the  mean f r e e  path i s  s u f f i c i e n t l y  
shor t  t o  ensure laminar flow under the  conditions encountered i n  t h i s  
t e s t  program. 
The LH2 t e s t  r e s u l t s  presented i n  Fig. 5 a r e  based on t r a n s i t i o n  flow 
theory because t h i s  theory cor re la t ed  the  da ta  bes t  of the  various theor ie s  
t h a t  were t r i e d ,  This f i g u r e  was generated by solving the  t r a n s i t i o n  flow 
equation f o r  h/L using t e s t  da ta  and p l o t t i n g  l i n e s  of constant  pressure .  
During t h e  LH2 por t ion  of the  t e s t  program, an o p t i c a l  f l a t  which allowed 
observation of  the  leakage was i n s t a l l e d .  A r a t h e r  la rge  amount of bo i l ing  
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Figure 5 .  Leakage Parameter Dependency on Sea l  Load and*AP 
f o r  a 10-inch Circumference Carbon S t a t i c  Seal  
with 8,, inch  rms SurEace F in i sh  
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Figure 6. Leakage Parameter Dependency on Seal Load and AP 
f o r  a 10-inch Circumference Carbon S t a t i c  Seal 
with 10OV inch rms Surface Finish 
upstream o f  t h e  s e a l  was observed, i n d i c a t i n g  t h e  major i ty  o f  leakage 
f l u i d  was GH2 and no t  LH2. I f  some l i q u i d  en tered  with t h e  gas,  it would 
t r a v e r s e  t h e  s e a l  with very  l i t t l e  change i n  q u a l i t y .  This  would r e s u l t  
i n  a  h igher  flow than  i f  t h e  flow were almost a l l  gas .  Figures 5 and 6 
i n d i c a t e  t h i s  i s  n o t  t h e  case;  t h e r e f o r e ,  it i s  concluded t h a t  GH2 was 
flowing and not  LH2. Taking i n t o  account t he  c a r e  taken t o  reduce h e a t  
l eaks  by i n s u l a t i n g ,  and t h e  observed r e s u l t s  ( t h a t  of  b o i l i n g  even a t  
60 p s i g ) , i t  seems very  reasonable t o  assume t h a t  t h e  primary 5-2 f u e l  
s e a l  leakage dur ing  a  turbopump run w i l l  a l s o  be GH and not  LH2. This  2 
may even occur dur ing  s t a t i c  leakage i n  t h e  turbopump, t h a t  i s ,  when t h e  
t u r b i n e  i s  a t  ambient temperature.  
The spread encountered i n  t h e  ambient GHe, LH2, and H20 d a t a  i n  Fig. 5 
and 6 i s  no t  completely expla inable .  The i s o b a r s  f o r  a  given f l u i d  be ing  
separa ted  from one another  i n d i c a t e s  t h e  flow theory  does not  exac t ly  
desc r ibe  t h e  flow, poss ib ly  because of  p l a s t i c  d e f l e c t i o n  of  t h e  s e a l .  
By changing t h e  o r d e r  of  t h e  equat ion,  t h e  i s o b a r s  a r e  made t o  converge. 
This  method can be used t o  c o r r e l a t e  t h e  ambient GHe and t h e  LH2 d a t a  and 
ob ta in  a  much c l o s e r  c o r r e l a t i o n  than i s  poss ib l e  by fol lowing t h e  t r a n s i -  
t i o n  flow theory .  The r e s u l t s  obtained by t h i s  method a r e  shown f o r  t h e  
s e a l  with t h e  8 p inch f i n i s h  i n  Fig. 7 and f o r  t h e  s e a l  with t h e  100 p 
inch f i n i s h  i n  Fig. 8 .  The i soba r s  were made t o  converge by r a i s i n g  t h e  
flow term i n  t h e  t r a n s i t i o n  flow equat ion f o r  t h e  GHe d a t a  t o  t he  0.4 
power. 
The above method holds f o r  t h e  two model s e a l s  a s  shown and would t h e r e -  
fo re  be  expected t o  apply t o  t h e  5-2 s e a l ,  During LH t e s t i n g  with t h e  2 
5-2 sea1 , the  leakage was a t  l e a s t  two o rde r s  of magnitude l a r g e r  than  wibh 
t h e  model s e a l s .  This  amount of  flow could not  be handled by the  flow- 
meter. A h igher  capac i ty  flowmeter was not  used t o  measure t h e  exact Elow 
because t h e  flow wi th  GHe was about t h e  same f o r  t h e  5-2 and model s e a l s .  
Therefore,  with t h e  5-2 s e a l ,  t h e  h igher  LH2 leakage ind ica ted  co r r e l a -  
t i o n  between GHe and LH2 would not  be p o s s i b l e  wi th  t h e  method employed 
i n  t h i s  program, a s  long a s  t h e  model s e a l  d a t a  co r r e l a t ed ,  These r e s u l t s  


























Figure 8 .  Cor re l a t ions  Between Ambient GIle and LH Seal 
Leakage (Seal Surface F in i sh  10OC inch) 2 
with t h i s  occurring would requi re  a method such a s  t h a t  of s t a t i s t i c a l  
co r re la t ion .  However, t h i s  would requ i re  a l a rge  number of  da ta  points ,  
which is beyond t h e  scope of  t h i s  program. 
This lack of c o r r e l a t i o n  between the  LH2 and GHe data  f o r  the  5-2 s e a l  i s  
thought t o  be caused by thermal d i s t o r t i o n .  The carbon nose i s  held by an 
Invar c a r r i e r .  The carbon i s  lapped f l a t  a t  ambient temperature, and then, 
when it is  c h i l l e d  t o  t h e  LH2 temperature, t h e  d i f ference  i n  cont rac t ion  
between the  carbon and Invar d i s t o r t s  the  carbon, and thus the  flow path. 
No means of  p red ic t ing  thi's d i s t o r t i o n  have been found. The model s e a l s  
were designed t o  minimize thermal d i s t o r t i o n ,  a s  pointed out  e a r l i e r  i n  
t h i s  report .  Therefore, da ta  co r re la t ion  over a l a rge  temperature d i f fe rence  
was successful  with t h e s e  sea l s .  
The H20 data  do not  agree  a s  c lose ly  a s  expected. Figures 5, 6, and 9 
i n d i c a t e  the  lack of  agreement between the  water da ta  and the  GHe and LH 2 
data .  The H20 da ta  were obtained t o  compare with t h e  LH2 da ta .  Or ig inal ly  
it was thought t h a t  when leaking LH2 it would e n t e r  the  s e a l  as a l i q u i d  
and change on the  way through the  s e a l  t o  a two-phase f l u i d .  The H20 
d a t a  would be used as a reference t o  c o r r e l a t e  the  LH2 da ta  because it 
remains a s i n g l e  phase f l u i d .  When it was determined the  LH2 en te r s  as  
a gas the  H20 da ta  were no longer of primary i n t e r e s t  and a b e t t e r  cor-  
r e l a t i o n  was no t  pursued. 
Returning 60 Fig. 7 and 8 and ca lcula t ing  the  flow expected i n  LH2 from 
t h e  ambient GHe da ta  a t  a load of 12 pounds r e s u l t s  i n  the  following: 
f o r  the  8;lJinch s e a l ,  t he  GHe da ta  ind ica te  the  LH2 flow w i l l  be 0.807 
cc/sec. This i s  the  l i q u i d  .flow; the gaS flow would be l a r g e r  by the  
dens i ty  r a t i o .  The t e s t  da ta  f o r  LH2 ind ica te  a flow of 1.12 cc/sec.  
The 100 inch s e a l  gas da ta  p red ic t  an LH2 flow of 0.496 cc/sec as com- 
pared t o  the  ac tua l  LH2 t e s t  da ta  of 0.097 cc/sec. These r e s u l t s  ind ica te  
good cor re la t ion  was achieved. However, as discussed before,  the  r e s u l t s  
cannot be applied t o  the  present  configurat ion of the  5-2 primary f u e l  s e a l .  
The dependence of flow on s e a l  surface  f i n i s h  i s  presented i n  Fig. 10 .  
These data  a re  presented a t  a s e a l  contact  load of 12 pounds and an applied 
pressure of  52 p s i .  This curve indica tes  t h a t  the  parameter h/L decreases 
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Figure 9 .  Leakage Parameter Oependence on Leaking 
Flu id  f o r  t h e  5-2 Primary Fuel Seal 
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Figure 1 0 .  Leakage Parameter Dependency 
on Sea l  Sur face  F in ish  
as surface  f i n i s h  becomes rougher. This indica tes  a decrease i n  flow. 
The f i n i s h  on the  100 p inch s e a l  tended t o  be concentric s e r r a t i o n s ,  
whereas the  4 and 8 p inch f in i shes  were more random. The concentric  
s e r r a t i o n s  would tend t o  s e a l  more e f f e c t i v e l y  than a random f i n i s h ,  
and t h i s  i s  thought t o  be the  reason fo r  t h e  r e s u l t s .  
A quar tz  op t i ca l  f l a t  was used as  a mating r i n g  i n  an attempt t o  view 
LH2 as i t  was leaking pas t  the  s e a l .  Visual observation indicated bo i l ing  
upstream of the s e a l  was taking place but  no f l u i d  could be seen leaking 
through the  sea l .  Motion p ic tu res  were a l s o  taken with a telephoto lens .  
The r e s u l t s  obtained from the f i lms were the  same as the  d i r e c t  observa- 
t ions .  These r e s u l t s ,  and t h e  r e s u l t s  based on flow theory presented 
e a r l i e r ,  ind ica te  the  leaking f l u i d  w a s  GHe and not LH2. The bo i l ing  
upstream of the  s e a l  was caused by heat  leaks,  thus causing the  leaking 
f l u i d  t o  be a gas. 
CONCLUSIONS 
Based on the  a n a l y t i c a l  and experimental r e s u l t s  of this p rogrm, the  
following conclusions can be d r a m .  
Gaseous helium d a t a  were used t o  p r e d i c t  M2 leakage t h ~ o u g h  s t a t i c  carbon 
face  s e a l s .  A leakage paremeter, which is a function of s e a l  geometry only, 
was obtained from taans i t ion  flow theory,  and was used t o  c o r r e l a t e  between 
f l u i d s  t h a t  f a l l  i n  t h i s  flow regime. This theory was able  t o  def ine  the  
leakage flow even when f l u i d  physical  p roper t i e s  were changed. 
The a b i l i t y  t o  p r e d i c t  LH2 leakage from GHe t e s t  da ta  was demonstrated. 
This was achieved by modifying the . t r ans i t ion  flow equation empir ica l ly .  
Leakage flow dependence on s e a l  pressure  drop was bes t  defined f o r  the  
-400 F GHe data  and t o  a l e s s e r  extent  f o r  the  ambient GHe and LH2 data .  
The influence o f  s e a l  load on leakage was demonstrated. As would be  ex- 
pected, the  leakage decreases as load is  increased.  The r e l a t i o n s h i p  
between flow and load is near ly  l i n e a r .  
Leakage flow was shown t o  decrease as s e a l  surface  f i n i s h  went from 4 p 
inch r m s  t o  100 F\ inch m, thus ind ica t ing  the  a s p e r i t i e s  o r  s e r r a t i o n s  
offered more res i s t ance  t o  flow, poss ib ly  because they were concentr ic  
r a t h e r  than being random as i n  the  f i n e r  more lapped surface  f i n i s h e s .  
APPENDIX A 
FLOW THEORY 
Molecular flow i s  brought about when t h e  channel dimension i s  the  same 
o rde r  as  t h e  mean f r e e  p a t h  of  t h e  gas molecule. The de r iva t ion  o f  t h e  
equat ion  f o r  t h i s  regime due i n i t i a l l y  t o  Knudsen, Ref. 3 ,  and was ob- 
t a i n e d  from Ref. 4 .  
.Knudsen s t a r t s  w i th  t h e  assumption t h a t  t he  number of  molecules s t r i k i n g  
a cm2 of  su r f ace  p e r  second i s  1/4 N;, where 2 i s  t h e  average v e l o c i t y  
3 
of  t h e  molecules. I f  t h e r e  a r e  N molecules pe r  cm , t h e  nwnbex dN,where 
d is  t h e  d e r i v a t i v e ,  with v e l o c i t y  components between c and c + dc is 
given by t h e  Maxwell d i s t r i b u t i o n  law as :  
The terms a r e  def ined i n  Ref. 4. Where a! i s  t h e  most probable speed, and 
e i s  t h e  base  of  t h e  n a t u r a l  log. The number of  t h e s e  molecules which 
2 
s t r i k e  1 cm of  su r f ace  p e r  second i s  then  1 /4  cdN. The molecules which 
have a component of v e l o c i t y  of t r a n s l a t i o n  w p a r a l l e l  t o  t h e  wall  on 
s t r i k i n g  a r e  absorbed and r emi t t ed  equa l ly  i n  a l l  d i r e c t i o n s .  The momen- 
tum given t h e  wall  by t h e s e  dN molecules i s  1/4 cm wdN. Since w i s  t h e  
component o f  t h e  v e l o c i t y  of  t h e  gas molecules p a r a l l e l  t o  t h e  wall ,  w 
may be w r i t t e n  Kc where K is  a cons t an t  o f  p ropor t iona l ly .  This  expresses  
w a s  a f r a c t i o n a l  p a r t  o f  c ,  t h e  molecular ve loc i ty ,  and a s c r i b e s  t h e  
Maxwell d i s t r i b u t i o n  t o  t h e  components w i n  t h i s  manner, The momentum 
2 t r a n s f e r  is  1/4 Kc wdN. The momentum B given t h e  wal l  by molecules o f  
a l l  v e l o c i t y  i s  t h e r e f o r e  given by: 
S u b s t i t u t i n g  c f o r  a ,  where c = -&? , r e s u l t s  i n  
"'Ti 
This V i s  the geometric mean of t he  v e l o c i t y  of b l l  molecules. I t  i s  
t h e r e f o r e  the  v e l o c i t y  of t h e  mass o f  gas down t h e  channel ,  and t h e  momentum 
B = 31~/32  ~ r n c ~ ,  which assumes V cons tan t  across  t h e  channel. 
Consider a  flow channel of r ec t angu la r  dimensions, dL t h e  element of l eng th ,  
b  the  width, and A i t s  area .  In d t  s e c :  t h i s  channel rece ives  an amount 
of momentum given by 3 1 ~ / 3 2  ~ m c v b d ~ d t .  S e t t i n g  Nm = p, t h e  dens i ty  of  t h e  
gas,  and expressing c i n  terms of t he  p re s su re  P, from t h e  r e l a t i o n  P = 
a/8 N mc-', t h e  above quan t i t y  becomes 3/8 P vbdld t .  I f  it is  
assumed t h a t  t h e  w a l l  bdL g e t s  t he  whole momentum which r e s u l t s  from t h e  
pressure  drop - (dP/dL) dL, one obta ins  t h e  r e l a t i o n  between t h e  momentum 
t r a n s f e r ,  - A  (dP/dL) dLdt i n  the  time d t  due t o  t h e  pressure  d i f f e r e n c e  
across  t h e  a r ea  A, and t h e  momentum t r a n s f e r  t o  t h e  wall  a s  
For G t he  mass flow G = A v, t he re fo re :  
If the  r a t i o  p/P = pl, then 
Therefore: 
If t h e  a r e a  i s  bh, where h i s  t h e  channel he ight  and the  pressures  a r e  P 1 
and P2 (P1 > P21, 
Therefore 
Therefore,  t h i s  descr ibes  the  flow i n  t h e  molecular flow regime. I n  the  
lamina1 regime the  de r iva t ion  i s  from Ref. 5 .  The equat ion f o r  an 
element of  f l u i d  i n  s t a t i c  equi l ibr ium can be w r i t t e n  as  
Where T i s  t h e  shea r  def ined by Newton's law of viscous flow T = -p du/dy 
where u i s  t he  v e l o c i t y  of  a p a r t i c l e  a t  a d i s t ance  y from t h e  c e n t e r  of 
t he  passage,  p i s  t he  v i s c o s i t y .  Combining these  two equat ions ;  
I n t e g r a t i n g  wi th  l i m i t s  of y = h/2, u = 0 .  
The a rea  of flow i s  2by f o r  an increment of  flow dQ, the re fo re :  
In tegra t ing  the  flow over the  e n t i r e  flow area ,  pu t t ing  i n  limits, and 
adding a minus s ign  because dP/dx i s  negative i n  t h e  d i r e c t i o n  of  flow, 
P 
and - = RT, t h e  pe r fec t  gas law P 
In tegra t ing  from P1 t o  P2 and 0 t o  L y ie lds  
w = -  
24u RTL 
The region between t h e  molecular and laminar i s  known as the  t r a n s i t i o n  
region. In t h i s  region both laminar and molecular flow e f f e c t s  a r e  i n  
operation. The method used t o  descr ibe  t h i s  flow regime is  t h e  d i r e c t  
addi t ion  of t h e  two flow theor ies .  The r e s u l t  i s :  
bh2 (pl  - p2) bh3 (PI2 - P22)  g 
w = 813 + 
pL 4%- 
24p LRTp 
This r e s u l t i n g  equation i s  cubic. The method employed t o  determine a 
so lu t ion  i s  shown i n  Appendix B. 
APPENDIX B 
FLOW REGIME METHOD 
CUBIC 08:14 ROCKET SEPT. 8, 1969 
10 DIMENSION VIS (SO), T(S0) , P1 (SO), 
20EP2 (SO), W(S0) , RHO(S0) 
30 DATA NCNT/l/ 
40 DATA B/10.0/ 
50 DATA RR/386.2/ 
60 DATA EL/O.l/ 
70 DATA VIS/0.0465, 49*0.0/ 
80 DATA T/520.0, 49*0.0/ 
90 DATA P1/13.0, 49*0.0/ 
100 DATA P2/50*0.0/ 
110 DATA RH0/0.0215, 49*0.0/ 
120 DATA W/6.87, 49*0.0/ 
130 P1=3.1415926 
140 GB= 32.174*B 
150 RL=RR*EL 
160 Z1=4.0/3.0*SQRT (Z.O/PI) 
170 C1= 2.54+3*1728.0 
180 C2= C1*32.174*3600.0*12,0 
190 DO 100 I=l, NCNT 
220 CC2=C2/K)IO(I) 
230 CCl=Cl/RHO(I) 
240 P1P2= (PI (I) t13.8) +2 - (P2 (I) +13,8) f 2 
250 DELP = P1 (I) -P2 (I) 









400 AA=(3.0*Q-P4 2)/3.0 
410 BB=(2.0*P43-9.O*P*Q*27.0*R)/27.0 
420 TEST=BB42/4.O+AA43/27.0 
450 IF(TEST) 2, 3, 3 
460 3 BIGA=(-BB/2.O+SQRT(TEST))40.333333333 
470 BIGB=(-BB/2.0-S~kT(TEST))+O.333333333 
480 X1= BIGA+BIGB-P/3.O 
482 PL=X143/EL 
490 GO TO 230 
500 2 COSPHI=-BB/2.0/SQRT(-Mf3/27.0) 
510 X=COSPHI 
520 PHI=ATAN(SQRT (1.0-Xf 2)/X) 
530 X1=2.0*SQRT(-AAI3.0) *COS (PHI/3.0) -P/3.0 
540 X2=2 .O*SQRT(-AA/3.0) *COS(PHI/3.0+120.0*0.01745333) -P/3.0 
550 X3=2.0*SQRT(-AA/3.~)*C0S(PH1/3.0+240.0*0.01745333)-P/3.0 
552 HL=Xlf 3/EL 
560 PRINT 4, X, PHI, X1, X2, X3 
570 4 FORMAT(lOX, 7HCOSP'HI=, F12.5/10X4HPI=, E12.5/ 
580610X3HXl=, E12,5/10X3HX2=, E12.5/10X3HX3=,E12.5) 
582 PRINT 7, HL 
584 7 FORMAT(lOX7HH**3/L=, E12.5) 
600 GO TO 100 
610 230 PRINT 5, XI, HL 
620 5 FORMAT (lox, 2E20.7) 





The purpose o f  t h e  l i t e r a t u r e  survey was t o  ob ta in  information p e r t i n e n t  
t o  t h e  establ ishment  o f  a t e s t i n g  method and a n a l y s i s  procedure with s u f -  
f i c i e n t  depth t o  s a t i s f y  t h e  program requirement.  
The sources used f o r  t h e  search  were NASA, DDC, and TIPS. TIPS i s  a 
company-wide index t h a t  i s  an electronic-computer-or ientated system. The 
inpu t s  t o  t h i s  system a r e  obta ined  from t h e  v a s t  number o f  sources t h a t  
have any o f  t h e  North American Rockwell d i v i s i o n s  on t h e i r  d i s t r i b u t i o n  
l i s t s .  Also, t h e r e  was a manual search conducted through indexes o f  both 
p e r i o d i c a l  and ape r iod ica l  l i t e r a t u r e .  
The manual search was conducted through s i x  t echn ica l  indexes and t h e  
Rocketdyne l i b r a r y  card ca t a log .  Search da t e s  s t a r t e d  from t h e  p re sen t  
and continued back a s  f a r  a s  1950 where poss ib l e .  The indexes t h a t  were 
covered were: Aeronautical Engineering index, Aerospace Engineering i n -  
dex, Aerospace Engineering Review and I n t e r n a t i o n a l  Aeronautical a b s t r a c t s ,  
Applied Science and Technology index, Engineering index, and t h e  Nuclear 
Science a b s t r a c t s .  
The t o t a l  number o f  r e f e rencas  turned  up, inc luding  those  fram previous 
searches ,  was about 3000. The previous searches a r e  included f o r e r e f e r -  
ence. The r e fe rences  t h a t  a r e  most p e r t i n e n t  t o  t h e  program a r e  included 
i n  t h e  bibl iography along wi th  t h e i r  a b s t r a c t s .  
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The idea  is  developed t h a t  l a rge  pressures o f  quest ionable o r i g i n  i n  
o i l  f i l l e d  clearance between surfaces  of r a d i a l  face  s e a l s  is due t o  
hydrodynamic lubr i ca t ion  e f f e c t s  i n  small wedge-shaped c a v i t i e s  con- 
s t i t u t i n g  surface  roughness. The consequences of  t h e  theory i n  regard 
t o  leakage and s e a l  design a r e  discussed. 
3.  Bauer, P. : "Inves t iga t ion  o f  Leakage and Sealing Parameters," IIT Re- 
search I n s t i t u t e  , , August 1965. 
The repor t  documents inves t iga t ions  conducted t o  expand and r e f i n e  
a n a l y t i c a l  techniques f o r  s t a t i c  and dynamic s e a l s .  A systematic in -  
ves t iga t ion  was made on those aspects  o f  a  s e a l  pe r t a in ing  t o  t h e  
s e a l i n g  in te r face ,  s t r u c t u r e ,  cavi ty ,  and r e l a t e d  p a r t s .  Since the  
s e a l i n g  i n t e r f a c e  was t h e  problem area  most lacking i n  r e l i a b l e  and 
consise information, major e f f o r t  was d i rec ted  toward i t s  study.  The 
problem was approached both a n a l y t i c a l l y  and experimentally by inde- 
pendently studying sea l ing  in te r faces  with and without gross r e l a t i v e  
motion, The parameters influencing s t a t i c  in te r faces  were i d e n t i f i e d  
as surface f i n i s h ,  applied load, contact  a rea ,  and material  hardness. 
These parameters were corre la ted  t o  form design c r i t e r i a  s u i t a b l e  f o r  
use by systems designers t o  p red ic t  s e a l  leakage performance. Addi- 
t i o n a l l y ,  these  parameters were s tudied  f o r  rubber contact  i n t e r f a c e s  
with wear added a s  the  most s i g n i f i c a n t  parameter. The importance o f  
wear on s e a l  leakage was i d e n t i f i e d  not  a s  surface damage but  as the  
e f f e c t  of  wear debr i s  fragments and f r i c t i o n a l  heat ing ,  To the  ex- 
t e n t  of experimentally supported information, a l l  parameters were co r -  
r e l a t e d  i n  t h e  form of  design c r i t e r i a .  The output from these  and 
o the r  inves t iga t ions  produced appl icable  c r i t e r i a  and provided an in-  
s i g h t  i n t o  t h e  r e l a t i o n s h i p  between parameters t h a t  can be used t o  
optimize s e a l i n g  and serve  as  guidel ines f o r  a t t a i n i n g  minimum leak- 
age. Commercial and o the r  s e a l s  were u t i l i z e d  t o  show, by example, 
t h e  design and ana lys i s  techniques leading t o  leakage performance 
predic t ions .  The degree of success achieved was es tabl i shed by 
demonstration of  e x p e r h n t a l  performance. 
4 .  Miyakawa, Y . :  "Influence of Surface Roughness on Boundary Fr i c t ion , "  
Journal  of  t h e  American Society o f  Lubrication Engineers, May 1965. 
The e f f e c t s  of surface  roughness on boundary f r i c t i o n  i s  s tudied  
under various condit ions of loads,  speeds, and lubr i can t s .  
A s  t he  r e s u l t  o f  experiments, it i s  found t h a t  the  d i rec t ion  o f  
pol ish ing t o  the  d i rec t ion  of s l i d i n g  g r e a t l y  influences the  boundary 
f r i c t i o n .  The f r i c t i o n ,  s l i d i n g  p a r a l l e l  t o  the  d i rec t ion  of  pol ish-  
ing ,  is l a r g e r  than t h a t  i n  the  perpendicular d i rec t ion .  The degree 
o f  roughness has l i t t l e  influence upon the  f r i c t i o n ,  except i n  t h e  
case o f  extremely small o r  l a rge  degree of roughness. The e f f e c t i v e  
lubr i ca t ion  occurs as  a r e s u l t  of  t h e  in te r rup t ion  of  contact  by t h e  
surface  roughness. Therefore, t h e  most e f f e c t i v e  lubr i ca t ion  takes  
place when t h e  s l i d i n g  surface  is  perpendicular t o  the  d i r e c t i o n  of  
pol ish ing and the  surface  has an appropr ia te  degree o f  roughness. 
5. Dawson, P.: "Invest igat ion o f  Cavitat ion i n  Lubricating Films Sup- 
por t ing  Small Loads," Proc. Conf. On Lubricat ion and Wear, Paper 49, 
pp. 93-99, Oct. 1-3, 1957, Ins tn .  Mech. Engrg., 1 Btrdcage Walk, 
London, SW 1. 
Bearing surfaces  i n  the  form of s t a t ionary  spher ica l  cap and a plane 
s l i d e r  have been used t o  provide v i sua l  observations and pressure  
r w a r d s  of t h e  condit ions i n  the  clearance space under f u l l  and 
cav i t a t ing  condit ions.  Sa t i s fac to ry  c o r r e l a t i o n  of t h e  pressure  
records and v i s u a l  records has been ob.tained. A departure from pre- 
d ic t ions  is noted i n  the  form of a downstream s h i f t  of the  o i l  f i lm 
rupture po in t .  
6.  Allen, C .  M . ,  J .  C .  Bell e t  a l . :  Rotating-Shaft Helium Seal  In- 
ves t iga t ion .  Ba t t e l e  Memorial I n s t . ,  Columbus, Ohio, NP-11243 
Contract DA-44-009-eng-3375 (71 pp.) ,  25 August 1959. 
A research program was conducted t o  s tudy p o s i t i v e  ro ta t ing-sha f t  
s e a l s  using helium f o r  high-speed turbomachinery. 
7. Jackobsson, B .  and L .  Floberg: "The F i n i t e  Journal  Bearing, Con- 
s i d e r i n g  Vaporization," Trans. of Chalmers Universi ty of Tech., 
No. 190, 1957, Gothenburg, Sweden, Report No. 3 from The I n s t i t u t e  
of Machine Elements. 
8.  Wilkinson, S . C .  W .  : "Mechanical Seal Design," Engineering Mater ia ls  
and Design, V .  5, pp. 572-576, 664-667, Aug.-Sept. 1962. 
Radial face-type s h a f t  s e a l s .  The following design fea tu res  a r e  d i s -  
cussed: surface  f i n i s h ,  mechanical s e a l  d i s t o r t i o n ,  hydraulic  face  
d i s t o r t i o n ,  h e a t  d i s s i p a t i o n  pa ths ,  adequate cool ing  c i r c u l a t i o n ,  
wet t ing  p r o p e r t i e s ,  f l u i d  pressure  r e l a t i v e  t o  f a c e  loading,  s e a l  
ba lance ,  and s o l i d s  i n  suspension. 
9 .  Crego, D .  F . :  "Centr i fugal  Compressors: Sea ls  and Sea l ing  Systems," 
Petroleum Refinery,  7 .  34, pp. 143-6, J a n . ,  1955; Petroleum Engineer, 
V .  28, pp.  C17-22, Feb.,  1956. 
S t r a i g h t  pass  l a b y r i n t h ,  s taggered l aby r in th ,  segmented carbon r ings ,  
and contac t  o r  mechanical s e a l s  a r e  d iscussed .  Three types of  s e a l i n g  
systems, evacuat ion,  gas i n j e c t i o n ,  and f l u i d  i n j e c t i o n  a r e  a l s o  
d iscussed .  
10. Batch, B .  A.!, B .  A .  Goldring, P. E.  Winney: "An Instrument f o r  
Measuring t h e  Main Surface  P r o f i l e  on Sea l  Faces," Journa l  o f  S c i e n t i f i c  
Instruments ,  Vol,  1, S e r i e s  2 ,  1968. 
The design,  cons t ruc t ion ,  and performance of an instrument f o r  measuring 
t h e  su r f ace  p r o f i l e  of nominally f l a t  s e a l - r i n g s  assoc ia ted  with an 
experimental mechanical s e a l  a r e  descr ibed .  The device,  which u t i l i z e s  
t h e  p r i n c i p l e s  of  t h e  a e r o s t a t i c  t h r u s t  bear ing ,  is  capable o f  measuring 
p r o f i l e s  of a few microinches amplitude superimposed on a f a c e  run-out 
g r e a t e r  by two orders  of magnitude. 
11. McCray, C . R .  : "Radial Posi t ive-Contact  S e a l s ,  
Sea l s  Book, pp. 9-14, J an .  19 ,  1961. 
A r a d i a l  p o s i t i v e  con tac t  s e a l  i s  a device which app l i e s  a s e a l i n g  
p re s su re  t o  a mating c y l i n d r i c a l  su r f ace  t o  r e t a i n  f l u i d s  and some- 
times exclude fo re ign  mat te r .  Rota t ing  s h a f t  a p p l i c a t i o n  is most 
common b u t  a l s o  appl ied  t o  o s c i l l a t o r y  o r  r ec ip roca t ing  motion, 
Various types a r e  discussed toge the r  with s e a l  s e l e c t i o n  c r i t e r i a 1  and 
t h e i r  s i g n i f i c a n c e .  Attendant problems, cause and cure,  is a l s o  covered. 
12. Dega, R .  L,:  "Recent Advances i n  Lip Sea l  Technology," Nat ional  
Conference I n d u s t r i a l  Hydraul ics ,  14 pp . ,  154-63, October 1960. 
Presbnts  t h e  v a r i a b l e s  which a f f e c t  s e a l  opera t ion ,  s h a f t ,  assembly, 
s e a l ,  l i p  dimension v a r i a b l e s ,  diameter ,  p ressure ,  e c c e n t r i c i t i e s ,  
l i p  m a t e r i a l  q u a l i t y .  Also types  d e f e c t s  with photos.  Presents  
da t a  curves ,  temperature vs speed, hardness v a r i a t i o n  due t o  cur ing  
time, f r i c t i o n  c o e f f i c i e n t s  f o r  var ious  hardness and su r f ace  f i n i s h e s ,  
e t c  . , and d iscuss  i on .  
13. Grinnel ,  S .  K . :  "Flow of a  Compressible Fluid i n  a  Thin Passage," 
ASME 55-SA-13, May 1957. 
Pressure  d i s t r i b u t i o n  and weight-f lowrate  can b e  p red ic t ed  f o r  laminar 
compressible-f luid flow i n  a  t h i n  passage by use o f  t h e  methods p re -  
s en ted  i n  t h i s  paper .  A s i m p l i f i e d  method can be  used r e a d i l y  when 
t h e  f l u i d  forces  due t o  viscous a c t i o n  predomonate over  those  due 
t o  a c c e l e r a t i o n  of  t h e  f l u i d .  A more complicated t r i a l - a n d - e r r o r  
method seems t o  be requi red  f o r  l a r g e r  passages where, though t h e  
flow may be  laminar,  t h e  momentum e f f e c t s  due t o  a c c e l e r a t i o n  of 
t h e  compressible f l u i d  a r e  apprec iab le .  An experimental apparatus  
was used t o  examine t h e  v a l i d i t y  o f  t h e  a n a l y t i c a l  work. Experi-  
mental p re s su re  d i s t r i b u t i o n s  agree w i t h i n  a  maximum dev ia t ion  of  
10 percent  with t h e  t h e o r e t i c a l  d i s t r i b u t i o n s  predic ted  by both  the  
comprehensive and s imp l i f i ed  t h e o r i e s .  Experimental weight-f lowrates  
agree w i t h i n  a  maximum dev ia t ion  of 50 percent  with p r e d i c t i o n s  of  
t h e  s i m p l i f i e d  theory .  Dimensionless p l o t s  of  p re s su re  d i s t r i b u t i o n  
a r e  presented  with experimental curves o f  f lowra te  vs p re s su re  r a t i o  
f o r  var ious  r a t i o s  of passage length  L t o  passage he ight  h .  These 
p l o t s ,  t oge the r  with simple equat ions ,  have been prepared f o r  d i r e c t  
use by t h e  des igner .  
14. Denny, D. F.: "Some Measurements of  Fluid Pressures Between Plane 
P a r a l l e l  Thrust Surfaces and Special  Reference t o  Radial Face Seals," 
Wear, V.  4, No. 1, pp. 64-83, 1961. 
-
15. Nau, B. S. and D. E. Turnbull: "Some Effects  of E l a s t i c  Deformation 
on the  Charac te r i s t i c s  of Balanced Radial Face Seals ,"  I n t .  Conf. on 
Fluid  Sealing, Paper D 3  (8 pages), April 17-19, 1961, Br i t i sh  Hydro- 
mechanics Research Assn., Harlow, Essex, England. 
When a r e l a t i v e l y  small amount of pressure balancing i s  used i n  design 
of  r a d i a l  face s e a l s ,  they a re  ab le  t o  run with a very t h i n  f l u i d  f i l m  
separa t ing the  faces .  Test r e s u l t s  show t h a t  with loca l  deformations 
on t h e  face ,  t h e  f i lm is  capable of support ing a g rea te r  load than 
predicted when no deformation occurs. 
16. Dawson, L. J.: Development and Design of Mechanical Seals f o r  Centrifugal  
Pumps, Ingersoll-Rand, 1950. 
A descr ip t ion of  the  o r i g i n  and development of s e a l s  employing r a d i a l  
mating surfaces  serves t o  show which fea tu res  of  the  whole gland in -  
herent ly  cause t h e  most t rouble.  I l l u s t r a t i o n s  and desTgns. 
17. Tao, L. N and W. Donovan: Through-Flow i n  Concentric and Eccentric 
Annuli s f  Fine Clearance With and Without Relat ive Motion of Boundaries," 
ASME Trans., V. 77, pp. 1291-1301, ,1955. 
Derives t h e o r e t i c a l  flow equations f o r  t i t l e  conditions. Certain 
assumptions by authors questioned i n  discussion by Teichmann. 
Experimental da ta ,  i n  good agreement with t h e o r e t i c a l  equation, a re  
presented i n  graphical  form f o r  Reynolds numbers up t o  30,000. 
Thermal e f f e c t s ,  phase change, and compressible flow a r e  not included. 
18. Huhn, D." "Theory of Fluid Sealing," 
(8 pgs .) , April 17-19, 1961. 
Basic laws f o r  leakage, wear, and power requirements a r e  deduced 
from t h e  general equat ion f o r  f l u i d  motion, f o r  r a d i a l l y  and a x i a l l y  
contac t ing  s e a l s .  Pressure forces ,  and t h e i r  inf luence ,  a s  we l l  as  
improvement by hydraul ic  balance a r e  discussed.  Shaft  e c c e n t r i c i t y ,  
v ib ra t ions ,  sur face  condit ions t o  power consumption, and heat  de- 
velopment by r o t a t i n g  s e a l  p a r t s  were not  considered, 
19. Findlay, J . A .  : !'Cavitation i n  Mechanical Face Sea l s , "  ASME, 67-WA/ 
LUB-20. 
The c h a r a c t e r i s t i c s  of mechanical face  s e a l s  operat ing with hydro- 
dynamic f i lms containing gas c a v i t i e s  were s tudied .  Solu t ions  t o  
Reynoldst equation f o r  hydrodynamic lub r i ca t ion  were obtained using 
both the  shor t  bear ing  approximation and numerical i t e r a t i v e  methods. 
These two methods of s o l u t i o n  s a t i s f y  cont inui ty  of flow throughout 
the  s e a l  f i lm.  Leakage r a t e s  and s e a l  hydrodynamic loads were c a l -  
cu la ted .  Some computed cav i ty  shapes a r e  a l s o  given. 
20. Gaibel,  E. and F. A. Lyman: "A Theoret ical  Inves t iga t ion  o f  Leakage 
Through Rotary Shaf t  Seal," Report 850489, U .  S .  Naval Eng. Experiment 
S t a . ,  Annapolis, Nov. 28, 1961. 
I t  was shown t h a t  t h e  e f f e c t  of  face  waviness, non-paral lel ism o f  
f aces ,  o r  a  notch i n  t h e  s e a l  face  could be  s u f f i c i e n t  t o  genera te  
a  f l u i d  f i l m  between t h e  f aces .  Approximate so lu t ions  t o  the  Reynoldsf 
equations a r e  derived by using per turbat ion  methods, and comparison 
with previous l y  published r e s u l t s  shows f a i r  agreement. 
2  1. Summers-Smith, D .  "Laboratory Inves t iga t ion  o f  t h e  Performance s f  
a  Radial Face Seal ,"  I n t .  Conf. on Fluid Seal ing,  Paper D l  (12 pages) ,  
Apr i l  17-19, 1961. B r i t i s h  Hydromechanics Research Assn., Harlow, 
Essex, England. 
The per fomance  of a r a d i a l  f ace  s e a l  i n  terms o f  leakage, wear, and 
f r i c t i o n  torque  i n  a r i g  i n  which t h e  l i q u i d  p re s su re  and contac t  
loading of t h e  s e a l  f ace  could be  va r i ed  ' independel ty . Sealed water  
a t  p re s su re s  up t o  50 p s i .  F r i c t i o n  and wear measurements i n d i c a t e  
t h a t  f o r  normal opera t ion  a f l u i d  f i l m  (approximately 100 microinches 
th i ck )  is generated between the  s e a l i n g  f aces .  
2 2 .  Nau, B .  S . :  Cav i t a t i on  i n  Thin Films, The B r i t i s h  Hydrodynamic Ree 
Research Associat ion,  TN 832,  Nov. 1964. 
23.  Bel l ,  K .  J ,  e t  a l . :  "Flow Through Annular Or i f i ce s , ' '  A.S.M.E., 
Transac t ions ,  Vol. 70, pp. 593-601, Apr i l  1957. 
Coe f f i c i en t s  f o r  t h e  annular  or i f ice7formed between a c i r c u l a r  d i sk  
and a c y l i n d r i c a l  tube  a r e  repor ted  f o r  twenty-one o r i f i c e s  having 
d isk  diameter t o  tube  diameter r a t i o s  i n  t h e  range of  0.95 t o  0.996, 
and o r i f i c e  length-to-width r a t i o s  from 0.118 t o  3 3 . 3 .  The o r i f i c e  
Reynolds number range is  from 2.0 t o  20,000 f o r  bo th  tangent  and 
concent r ic  o r i e n t a t i o n s  of  t h e  d i s k .  Comparison with previous d a t a  
i n d i c a t e s  t h a t  t he  r e s u l t s  a l s o  apply t o  t h e  annular  o r i f i c e  formed 
when a rod extends through a c i r c u l a r  h o l e  i n  a p l a t e ,  Theore t ica l  
and semi-empirical equat ions a r e  developed t o  p r e d i c t  c o e f f i c i e n t s  
f o r  annular  o r i f i c e s .  
24. Rudinger, G . :  "Nonsteady Discharge of  S u b c r i t i c a l  Flow," A.S.M.E., 
o r  Meeting Number 1960. 
The c a l c u l a t i o n  of  a nonsteady flow d ischarg ing  i n t o  t h e  atmosphere, 
o r  i n t o  a l a r g e  r e s e r v o i r ,  i s  genera l ly  based on the  assumption t h a t  
t h e  e f f e c t i v e  e x i t  p re s su re  i s  t h e  same a s  i f  t h e  flow were s t eady .  
In r e a l i t y ,  however, t h e  steady-flow boundary condi t ions  a r e  asymptot- 
i c a l l y  approached: a f t e r  a d i s turbance  produced by an inc iden t  wave, 
and r e c e n t l y  publ ished inves t iga t ions  provide a b e t t e r  approximation 
t o  these  t r a n s i e n t  boundary cond i t i ons .  U t i l i z i n g  these  r e s u l t s ,  one 
can compute t h e  r a t e  of d i scharge  and compare i t  with t h e  r a t e  
obtained i n  t he  convent ional  manner. The d i f f e r ence  between t h e  
r e s u l t s  of  t h e  two c a l c u l a t i o n s  i s  used t o  de f ine  a  l a g  e r r o r  i n  
t h e  conventional c a l c u l a t i o n s .  Examples f o r  discharges through an 
open end and through a  sharp-edged o r i f i c e  i n d i c a t e  t h a t  t he  a c t u a l  
t r a n s i e n t  f lowra te  may dev ia t e  considerably from t h a t  computed on 
t h e  b a s i s  of  steady-flow boundary condi t ions .  
Gresham, W .  A . ,  Jr. e t  a l . :  "Review of  t h e  L i t e r a t u r e  on Two-Phase 
(Gas-Liquid) F lu id  Flow i n  Pipes,"  Engineering Experiment S t a t i o n  
of  t h e  Georgia I n s t i t u t e  of Technology, WADS-TR 55-422, June 1955, 
Contract  AF33(616)2660, AD 95752. 
A l l  a v a i l a b l e  l i t e r a t u r e  on t h e  sub jec t  of two-phase (gas - l i qu id )  
f l u i d  flow was s tud ied  and t h e  s i g n i f i c a n t  l i t e r a t u r e  i s  summarized 
i n  t h i s  r e p o r t .  
Gas-l iquid flow can b e  c l a s s i f i e d  i n t o  a t  l e a s t  seven d i f f e r e n t  types 
o f  flow i n  h o r i z o n t a l  duc ts  and f i v e  types i n  v e r t i c a l  duc ts .  For 
a  given combination of  f l u i d s ,  it is  poss ib l e  t o  roughly c o r r e l a t e  
t h e  flow types  with t h e  f lowra t e s .  
Most of t h e  e a r l y  workers u t i l i z e d  f r i c t i o n  f ac to r - type  r e l a t i o n s  
i n  t h e i r  a t tempts  t o  c o r r e l a t e  t h e  pressure  drops and fLowrates.  
The f i r s t - g e n e r a l i z e d  r e l a t i o n  was presented by M a r t i n e l l i  and co- 
workers who c o r r e l a t e d  t h e  two-phase p re s su re  drop wi th  t h a t  o f  t h e  
l i q u i d  o r  gas assumed t o  flow a lone  i n  the  duc t .  Most subsequent 
i n v e s t i g a t o r s  have used modi f ica t ions  of t h i s  c o r r e l a t i o n .  A few 
i n v e s t i g a t o r s  have attempted t o  so lve  r e l a t i o n s  based on t h e  con- 
t i n u i t y ,  energy, and momentum equat ions .  
Abs t rac ts  of  180 re ferences  a r e  included.  
26. Vermes, G.: "Fluid Mechanics Approach t o  Labyrinth Sea l  Leakage 
Problem," A.S .M. E.  Transac t ions ,  S e r i e s  A, Journa l  of  Engineering 
f o r  Power, Vol. 83, pp. 161-9, Apr i l  1961. 
The paper desc r ibes  i nves t iga t ions  of  l a b y r i n t h  s e a l s  c a r r i e d  out  
r ecen t ly ;  de r ives  new t h e o r e t i c a l  and semi theo re t i ca l  formulas f o r  
computation of  t h e  leakage which agree w i t h i n  5 percent  wi th  the  
t e s t s  f o r  t h r e e  d i f f e r e n t  types of  s e a l s ;  off-design performance 
of Zhe s e a l s  is  t r e a t e d  t h e o r e t i c a l l y  and experimental ly .  
27. Zabriskie ,  W. e t  a l .  : "Labyrinth Sea l  Leakage Analysis," A.S.M.E., 
Transac t ions ,  S e r i e s  D ,  Journa l  of Basic  Engineering, Vol. 81, 
pp. 326-6, September 1959. 
The leakage flow through l a b y r i n t h  s e a l s  i n  turbomachinery has been 
t h e  sub jec t  of i nc reas ing  concern as  ref inements  and advances i n  
design a r e  made. Accurate knowledge o f  s e a l  leakage i s  necessary 
i n  a t  l e a s t  t h r e e  a r eas  of design: (1) e s t ima t ing  t h e  e f f e c t  of  
s e a l  leakage on performance; (2) r e g u l a t i n g  t h e  leakage flow requi red  
f o r  cool ing  purposes;  (3) determining t h e  thrus t -bear ing  load which 
is  a func t ion  of  t h e  p re s su re  drop through t h e  s e a l .  This paper i s  
concerned p r i m a r i l y  wi th  t h e  f luid-f low aspec t  of  gas leakage through 
l a b y r i n t h  s e a l s  of  t h e  types commonly used i n  gas and steam tu rb ines .  
This inc ludes  s taggered  and unstaggered s e a l s  of t h e  a x i a l  type, which 
a r e  most commonly used i n  turbomachinery. The a t t e n t i o n  t o  f l u i d  flow 
cons idera t ions  does n o t  imply t h a t  m a t e r i a l  compa t ib i l i t y  and opera t ing  
problems of  expansion, deformation, and rub -in a r e  unimportant.  In 
f a c t ,  t h e s e  mechanical cons idera t ions  may ove r ru l e  t h e  S l u i d  flow 
cons ide ra t ions .  For t h e  foregoing reasons,  i t  is  d e s i r a b l e  t o  be  
ab l e  t o  p r e d i c t  s e a l  leakage flows, and thus t h i s  aspec t  of s e a l  de- 
s i g n  has been s i n g l e d  out  f o r  cons idera t ion  h e r e .  
28. Kearton, W. J. : "Flow of A i r  Through Radial Labyrinth Glands," 
Vol. 169 , pp. 539-52, 30, 1955. 
A theory f o r  the  flow of a i r  through a r a d i a l  gland has been worked 
out f o r  both outward and inward flow. Expressions a r e  derived f o r  
the  pressure d i s t r i b u t i o n  i n  each kind of flow, and i t  i s  shown t h a t  
the  c r i t i c a l  pressure  r a t i o  can be reached only i n  the  f i n a l  con- 
s t r i c t i o n .  Experiments were made on a gland having a s i n g l e  r i n g  
and a l s o  on a 20-ring gland of  the  staggered type. The discharge 
coe f f i c i en t s  i n  the  l a t t e r  gland were lower than those i n  t h e  s ing le -  
r ing  gland, poss ib ly  due t o  the  d i f f e r e n t  approach condit ions ; The 
observed pressure d i s t r i b u t i o n  i n  the  mul t i r ing  gland agreed well 
with t h e  t h e o r e t i c a l  value.  F inal ly ,  some experiments were made 
with unstaggered r a d i a l  glands under varlous condit ions.  Discharge 
c o e f f i c i e n t s  g r e a t e r  than u n i t y  were measured. 
29. Miller, E .  E.  e t  a l . :  "Physical Theory f o r  Capi l la ry  Flow Phenomena," 
, Vol. 27, pp. 324-32,  1956. 
From the  assumption t h a t  t h e  microscopic Erehairior of the  l i q u i d  i n  
an unsaturated porous medium is  contro l led  by the  physical  laws of  
surface  tens ion and viscous flow, d i f f e r e n t i a l  equations governing 
t h e  microscopic flow i n  such a medium a r e  deduced. No s p e c i a l  pore- 
shape assumptions a r e  required,  but  one topological  approximation 
i s  needed; i . e . ,  t h a t  n e i t h e r  i so la ted  drops nor i so la ted  bubbles 
occur. Several nonessential  s implifying assumptions a r e  used; i . e . ,  
t h a t  the  microscopic p roper t i e s  of the  medium, t h e  charac ter  of the  
l i q u i d ,  and the  pressure of t h e  gas a r e  independent of pos i t ion ,  t ime, 
and d i rec t ion .  The microscopic equations a r e  obtained i n  a f u l l y  
reduced form, permit t ing comparison between two media, or  between 
two flow systems, t h a t  d i f f e r  only by sca l ing  f a c t o r s .  
A novel f ea tu re  of t h i s  caPculation is i t s  p red ic t ion  t h a t  the  l i q u i d -  
transmission and l iquid-capaci ty  proper t ies  of an unsaturated medium 
w i l l  exh ib i t  hys te res i s  i n  t h e i r  dependences upon the  liquid-gas 
pres su re  d i f f e r e n t i a l ,  AP.  The p r o p e r t i e s  o f  t h e  medium depend 
upon the  p re s su re  h i s t o r y  b u t  a r e  i n v a r i a n t  t o  monotonic t ime-sca le  
d i s t o r t i o n s  of t h a t  h i s t o r y ,  Such t ime-invariant  func t iona l5  have 
been termed by t h e  au thors  h y s t a r e s i s  func t ions ,"  symbolized by t h e  
s u b s c r i p t ,  H; e.g., F 
H(P) ' Although methods 66r measuring and 
desc r ib ing  t h e  c h a r a c t e r i s t i c s  of s p e c i f i c  ' h y s t e r e s i s  funct ions" 
have not  y e t  been developed, t he  general  v a l i d i t y  of  t h i s  a n a l y s i s  
can b e  s tud ied  experimental ly  b e  t e s t i n g  p red ic t ions  t h a t  a r e  con- 
t a i n e d  i n  t h e  reduced v a r i a b l e s .  
30. Mayer, E . .  "Leakage and Wear i n  Mechanical Sea ls , "  Machine Design, 
Vol. 32, pp. 106-13, March 3 ,  1960. 
What a r e  t h e  major f a c t o r s  causing leakage and wear i n  mechanical 
s e a l s ?  Can leakage be  ca l cu la t ed  accura te ly?  What can be done t o  
reduce leakage and wear? 
Tes ts  on unbalanced s e a l s  f o r  20,000 hours ,  with f i v e  face  ma te r i a l  
combinations, and t h r e e  d i f f e r e n t  f l u i d s ,  have given some answers: 
No f l u i d  p re s su re  e x i s t s  between s e a l  f aces ,  i n  c o n t r a s t  t o  previous 
t h e o r i e s .  Leakage, wear, and f r i c t i o n  a r e  determined by boundary 
l u b r i c a t i o n .  Surface width has no inf luence  on leakage. Physical  
r e s u l t s  confirm a new theory of fluid-exchange flow. Leakage v a r i e s  
wi th  t h e  square of  t h e  d i s t a n c e  between touching faces ,  and inve r se ly  
with t h e  square of  t h e  f ace  p re s su re .  No inf luence  of  v i s c o s i t y  has  
been no t i ced .  Leakage i s  the  same f o r  a l l  f l u i d s ,  b u t  near ly  100 
times g r e a t e r  f o r  e x t e r n a l  than  f o r  i n t e r n a l  r o t a t i n g  s e a l s .  Resul t s  
repor ted  a r e  not  l imi ted  t o  mechanical s e a l s  and may a l s o  be used 
f o r  o i l  s e a l s ,  p i s t o n  r i n g s ,  and c lu t ches .  
31. Tolansky , S . : "Surface .Microtopograprpy, " I n t e r n a l  Science and 
, Vol, 9 ,  pp. 32-9, September 1962. 
Knowing the' t r u e  cha rac t e r  of  . t h e  s u r f a c e  of  ma te r i a l s ,  even down t o  
micros t ruc tures  o f  molecular dimensions, i s  becoming inc reas ing ly  
important .  Such information can t e l l  how su r faces  a r e  formed, how 
they a r e  d i s t o r t e d  under var ious in f luences ,  and how they  a r e  destroyed.  
Multiple-beam in t e r f e rome t ry  i s  one of  t h e  most powerful t o o l s  f o r  
examining the  microtopography o f  a su r f ace .  As p r e s e n t l y  p r a c t i c e d ,  
it can magnify t h e  v e r t i c a l  dimension o f  s u r f a c e  i r r e g u l a r o t i e s  up 
t o  500,000 t imes .  This  s e n s i t i v i t y  means t h a t  v e r t i c a l  displacements 
as small  a s  5 angstroms can be  de tec ted  by t h e  i n t e r f e r e n c e  o f  many 
l i g h t  beams r e f l e c t e d  from t h e  su r f ace  under s tudy wi th  those r e -  
f l e c t e d  from a re ference  o p t i c a l  f l a t  under i t .  Viewed i n  t h i s  manner, 
t i n y  a reas  of a su r f ace  a r e  cha rac t e r i zed  by a p a t t e r n  of  f r inges--an 
o p t i c a l  contour r ap  q u i t e  s i m i l a r  t o  t h e  g e o l o g i s t s ' s  topograhpic 
contours .  The micros t ruc tures  thus revea led  a r e  provid ing  c lues  t o  
puzzles  i n  a whole h o s t  of  d i sc ip l ines- - f rom c r y s t a l  physics  t o  
metal lurgy.  
32. Arthur D. L i t t l e ,  Inc :  , 
Behavior a t  Low T e m e r a t u r e s .  Under Contract  with Parker  A i r c r a f t  
Co., AFFTC TR60-19, Apr i l  1960. Contract AF33(616)6710, AD 242285. 
This r e p o r t  summarizes (1) experience with and t h e  a v a i l a b l e  t echn ica l  
information on t h e  development o f  two pro to type  va lves ,  one f o r  a 
cryogenic gas s e r v i c e  and t h e  o the r  f o r  a cryogenic l i q u i d  s e r v i c e  
( these  valves a r e  under development by Parker  A i r c r a f t  Co. f o r  
Government agency); (2) b ib l iog raph ica l  information on t h e  phys i ca l  
and mechanical p r o p e r t i e s  of  s p e c i f i c  cons t ruc t ion  ma te r i a l s  f o r  
temperature range of  -420 t o  +200 F ( t hese  m a t e r i a l s  inc lude  some 
a u s t e n i t i c  s t a i n l e s s  s t e e l s  and Teflon p l a s t i c s ) ;  (3)  t h e  thermo- 
dynamic p r o p e r t i e s  of helium, hydrogen, and n i t rogen  f l u i d s  w i th  
which t h e  valves may be  used o r  t e s t e d ;  (4) t h e  hazards a s soc i a t ed  
with t h e  t r a n s p o r t a t i o n  and s to rage  of  hydrogen and with i t s  use  f o r  
t e s t i n g  two pro to type  va lves  f o r  leakage across  t h e  s e a t s ;  and (5) 
t h e  sources and a v a i l a b i l i t y  of hydrogen, and t h e  Los Angeles regula-  
t i o n s  t h a t  apply t o  i t s  t r a n s p o r t a t i o n  and use.  
33. Whittaker Controls,  Los Angeles, Ca l i f . :  
, September 1960. 
This repor t  b r i e f l y  summarizes cu r ren t ly  ava i l ab le  information on 
t h e  physical  and thermodynamic p roper t i e s  of gaseous helium. The 
information is presented i n  both t abu la r  and diagrammatic form t o  
f a c i l i t a t e  i ts  .use by design and t e s t  engineers who work with 
pressurized helium. 
The reported property values f o r  helium cover the  pressure range 
o f  14.7 t o  6000 p s i a ,  and t h e  temperature range of  -44 t o  600 F ,  
with minor exceptions where da ta  were l imi ted  o r  unavailable.  
34. S t a i r ,  W ,  K .  : Bibliography on Dynamic Shaft Sea l s ,  Preliminary 
Issue ,  Universi ty of Tennessee, Engineering Experiment S t a t i o n ,  
May 1962, 97 pages, 353 References. 
35. King, A ,  L . :  Bibliography on Fluid Sealing,  BIB-1, Br i t ich  Hydro- 
dynamics Research Association (B .H . R .A .) South Road, Temple Fie lds ,  
Harlow, Essex, England, May 1962, 373 References. 
36. General Electric'Company: Study of Dynamic and S t a t i c  Seals  f o r  
Liquid Rocket Engines, NASA Contract No. NAS7-102, Final Report 
Vols. 1 and 2, 25 February 1963, 2164 References. 
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